(LET) to reach the maximum at LET of about 100 kev/,a of unit density tissue with subsequent decrease at higher LET').
Aside from such practical aspects as the estimation of maximum permissible dose, comparative studies on the effects of different types of radiation will lead to better basic understanding of radiation damages in biological materials.
The neutrons of deuteron-tritium reaction are considered to produce damage different in quality and quantity from the well known damages from X or gamma rays and are appropriate in studying the process in which damages develop be cause of the following reasons :
1) Neutrons of D-T reaction are mono-energetic (14 Mev) and gamma con tamination to biological materials is less than 5% of the neutron dose5. 6) 2) LET of these neutrons ranges from 7 to more than 10 kev/jz and exceeds that of X or gamma-rays7'8 .
3) Interaction of neutrons with materials is different from that of X or gam ma-rays. A few reports have been made on the effects of 14 Mev neutrons on mortality of mammals'), but little has been reported on their effects on the reproductive capacity of mammalian cells. The effects of X or gamma-rays on the reproductive capacity of mammalian cells have recently been pursued to a considerable extent through experimental studies on the effects of oxygen and radioprotective substances on radiation effects and radiosensitivity.
If there is a difference between the speed of the process from radiochemical reaction to visible events and the speed of the recovery pro cess from damage and if they depend on temperature prior to, during or after ir radiation, temperature may modify the frequency of visible events. If damages produced by radiation in organism, though they may be lethal or sublethal, are reparable, a change in dose rate and a dose fractionation will probably modify the effects.
This paper deals with the comparative studies on the effects of 14 Mev neu trons and X-rays on the reproductive capacity of cells and colony size at given days after irradiation on mammalian cells which can be quantitatively studied with relative ease, together with the effects of dose modifying factors such as dose rate, temperature and oxygen on the damage of cells irradiated with neutrons. Discussion is also made on the characteristic effects of neutrons on mammalian cells and on the process of reproductive cell death through irradiation . Check was made to confirm that more than 95% of cells were single and isolated. Dur ing the counting, the cell suspension was maintained at about 10°C for 10 minutes. Four milliliters of cell suspension was poured into a glass test tube of 18 mm in diameter for irradiation.
Treatment at irradiation
The cell suspension in the glass test tube was bubbled with 95% 02+5% CO, or 95% N2+5% CO, for more than 20 minutes prior to, during and for about 10 minutes after irradiation.
The temperature of the suspension was controlled with a water bath at 3TC or 25'C throughout the bubbling procedure. Cells were irradiated at about 50 minutes after trypsinization.
Treatment after irradiation
After irradiation, the cell suspension was kept in situ for at least 10 minutes and thereafter a sufficiant number of cells were transplanted on each dish contain ing 5 ml of temperature and pH controlled media to yield about the same number of surviving cells for each dose level as expected in the controls. Plastic tissue culture dishes (Falcon) and glass tissue culture dishes were used throughout. The dishes were incubated at 3TC in a humidified incubator.
The pH of culture me dium was kept at 7.3 by injecting CO, into the incubator.
The medium was not changed during the incubation period of from 10 to 14 days. At the end of this period, clones having more than 50 cells except for giant cells were scored as re productively intact"). Surviving fraction was calculated as the ratio to the non irradiated controls of the same experiment.
Irradiation and Dosimetry
Neutrons were produced by 3H (d, n) 'He reaction.
Deuterons were accelerated by 100 to 150 kv and beam currents of 0.1 to 1.4 mA were used. A maximum yield of 1011 n/sec/4ir of 14 Mev neutrons was obtained.
Cell absorbed dose was calculated from the number of alpha particles counted with an alpha detector placed inside the beam duct. The counting loss due to the resolving time of the counters was corrected by means of the activation method of 32S (n, p) 32P reac tion.
As the factor for converting flux density to dose, 6.70x 10-9 rad/n/cm2 was used 12), assuming that the composition of cell and growth medium approximates that of rat muscle in interaction with 14 Mev neutrons.
No consideration was
given to radiation attenuation due to the stainless steel plate of 1 mm thickness and 9 mm water which existed between the cell and target.
X-rays were produced at 180kvp and 20 mA and filtered to yield an HVL of 1.03mm Cu. Dose rate was 100 rads/minute.
The factor used for converting ro entgen to rad was 0.95. Dose was determined at the position corresponding to the cells with a dose rate meter calibrated with ferrous sulfate dosimeter. 6. RBE (relative biological effectiveness)
The RBE value for neutrons were calculated under both oxygenated and an oxic conditions at 37°C, from the dose response curve using D-T neutrons at a dose rate of about 150 rads/minute and that using X-rays at 100 rads/minute.
Analysis of colony size
The colony size of cells on plastic dishes was determined on the 14th day after irradiation with neutrons at dose rate of 30 rads/minute. For survival colo nies, the diameter of the colony was measured using a calibrated scale on the microscope stage.
For abortive colonies, the number of cells in the colony was scored.
Effect of temperature
The effect of temperature was evaluated by comparing the dose response curves obtained when irradiated with neutrons at 37TC and at 25°C . To observe the effect of temperature during irradiation, the cell suspension was bubbled with oxygen gas at 37T prior to and after irradiation, and bubbled with nitrogen gas at 25°C for about 2 to 3 minutes prior to and during irradiation. 9. Oxygen effects and dose rate dependence Cell suspensions were exposed to neutrons at dose rates of 1, 30, 150 and 400 rads/minute under oxygenated and anoxic conditions. 10. Repair of damage
To examine a possible recovery from accumulated sublethal damage , dose fractionation technique was used. For neutron irradiation, 140 rads under oxygen ated condition and 180 rads under anoxic condition were delivered separately in two equal doses at interval of 5 hours at 37TC. For X-irradiation, cells were ex posed to the same total dose of 370 rads given in two equal fractionations at 37T with intervals of 5 hours.
In each experiment, 4 to 8 dishes were used for each dose level . All points shown on the curves are the mean value determined in a series of 3 to 8 inde pendent experiments which were carried out during a period of several months. Neutrons , anoxic -#-:
X-rays, oxygenated -0-: X-rays , anoxic Table 2 are the data on survival and abortive colonies on the 14th day following neutron irradiation.
The distribution of survival colony size is shown in Fig. 2 . With increasing doses smaller colonies appeared. The average colony size is 1.07 mm in diameter for the non-irradiated group and 0.86 mm for the group given 310 rads. Their variance in distribution also decreased with dose. Fig. 3 shows the distribution of the abortive colony size by dose. The absolute number of abortive colonies per dish gradually increased with dose. The percent age of colonies having 11 to 49 cells decreased with dose, but the percentage of colonies of less than 10 cells especially that of single giant cell increased with dose. The number of colonies having less than 10 cells was less than 25% in non-irradiated cells, but 83% in the group given 310 rads, and as shown by shaded area in Fig. 3 (Fig. 6) . 
Oxygen effects and dose rate dependence
The dose response curves under anoxic and oxygenated conditions are shown in Figs. 1, 4 , 5 and 7, and the parameters of these dose response curves are summarized in Table 3 . Fig. 5 shows the survival curve at the dose rate of about 20 rads/minute at 25°C and other Figures repre sent curves obtained at various dose rate at 37°C. The Do values under oxygen are lower than those under nitrogen at both 25°C and 37°C. The oxygen enhance ment ratios were found to be 1.4-1.5 at 37°C at the dose rate of 1 to 400 rads/ minute and 1.3 at 25°C as shown in Table 3 Table 4 shows the increase in surviving fraction when a given dose of neutrons and X-rays was delivered in two equal fractions at an interval of 5 hours under oxygenated and anoxic conditions. This shows that a portion of damage given by neutron irradia tion under both oxygenated and anoxic con ditions and that from X-irradiation under oxygenated condition are reparable after about 5 hours, just as found in dose fraction and anoxic conditions and their effects on the cell reproductive capa city were observed under various conditions.
Dose response curve and RBE
The RBE value of radiation depends on the quality of radiation, experimental materials and end point used for assay.
Many workers have reported on the RBE value of neutrons (fission, fast) for lethality of various mammals '5'16.17,18) , mam malian cells19'2o.21), and weight loss of organ22'23>. The RBE value for leaf length of barley') and lens opacities"), was reported to be 10 or more, whereas for the death of mammalian cells observed either in vitro19,20) or in vivo25> and for the death of mammals", 17>, RBE was 1.5 or more than 2. The results presented in this paper are in good agreement with the RBE values reported by other investi gators using mammalian cells and neutrons.
Distribution of colony size
The survival colony size of neutron irradiated HeLa S3 cells decreased with increase in dose as in the case of X-irradiated cells"). This suggests that though the effects of neutrons on doubling time of cells is hardly known, it is similar to that in X-irradiation 26>. The distribution of survival colony size changed with dose. These findings suggest that the damage which leads to loss of cell repro ductive capacity may be different from the damage which causes delay in cell division.
Abortive colonies, especially single, giant cells, produced by neutron irradia tion increased in number with dose. This indicates that the damage of neutron irradiated mammalian cells which leads to loss of reproductive capacity is not the same by dose, as is observed in X-irradiation" 
